Natural products attract considerable attention in the search for novel antimicrobials, prebiotics, and antioxidants. Enhanced biological activity of natural products has been demonstrated with chemical and heat treatment. This article extends the few publications on heat treatments of plant products and combinations with adjuncts, to raise antimicrobial
Introduction
Worldwide efforts are continuing to develop antimicrobial substances for use in food preparation areas, health settings, veterinary and agricultural contexts, aquaculture and water treatment systems to combat pathogens that affect humans, plants and animals of commercial and domestic importance, as well as stored food and fodder (Dukic and Ilic 1991; Hanuso et al. 2004; Franco et al. 2010; Cavaco et al. 2011; Espirito et al. 2011; Grube et al. 2011; Nedorostova et al. 2011) .
Flavanols, including (+)-catechin are a subgroup of flavonoids that occur in many plants across the world (Taguri et al. 2004; Stapleton et al. 2004a; Stapleton et al. 2006) . As antimicrobials, flavanols are active against Gram-positive and Gram-negative bacteria such as Staphylococcus aureus and Escherichia coli (Taguri et al. 2004) . S. aureus is a suitable model organism for research into antimicrobial agents as some strains show considerable resistance to antimicrobials and are of concern in both food and agricultural settings (Franco et al. 2010; Cavaco et al. 2011) .
Previous studies have investigated the extent to which flavanols and their synthetic analogues generate antimicrobial activity as well as their mechanisms of action. Others have shown that flavanol activity can be enhanced by adjuncts, such as conventional antibiotics, vitamin C, and transition metal ions (Stapleton et al. 2004a (Stapleton et al. , 2004b (Stapleton et al. , 2006 (Stapleton et al. , 2007 Hatano et al. 2008; Holloway et al. 2012) . Heating of some phenolics can also enhance antimicrobial activity (Kim et al. 2010) . Therefore, autoclaving of extracts may provide a means of raising activity as well as sterilising them for subsequent use.
According to the literature the minimum inhibitory concentrations (MICs) of the common tea flavanols: (+)-Catechin, ((+)-Cat); (-)-Catechin, ((-)-Cat); (+)-Epicatechin, ((+)-EC); (-)-
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Epicatechin, ((-)-EC); (-)-Epigallocatechin, ((-)-EGC); (-)-Epicatechin gallate, ((-)-ECg); and (-)-Epigallocatechin gallate, ((-)-EGCg), against different strains of S. aureus ranged between
0.025 and 256 mg ml -1 and averages for each flavanol were ranked as follows: (-)-EGCg < (-)-ECg < (-)-EGC < (-)-EC < (+)-Cat < (+)-EC < (-)-Cat (Takahashi et al. 1995; Akiyama et al. 2001; Gibbons et al. 2004; Roccaro et al. 2004; Stapleton et al. 2004a Stapleton et al. , 2006 Stapleton et al. , 2007 Taguri et al. 2004 Taguri et al. , 2006 .
(+)-Cat, which is a common but weak antimicrobial flavanol, is a suitable candidate for investigating the possibility of antimicrobial enhancement by heating and the addition of copper sulphate (Holloway et al. 2012) . (+)-Cat lacks the features typically found in compounds with higher antimicrobial activities, i.e. three OH groups in the B ring, cisstereochemistry at the C ring and a galloyl group at the C-3 position (Taguri et al. 2004; Stapleton et al. 2004a Stapleton et al. , 2006 . In this report we present data that reveal the following: (i) the effects of heat treatment and storage of (+)-Cat solution in combination with copper sulphate on antimicrobial activity and (ii) effects of chemical structure on the activity of flavanol isomers.
Results and discussion
Screening of tea flavanols
The antimicrobial activity of freshly-made (+)-Cat was compared to that of four different . There were no effects on S. aureus viability (results not shown). However, in the presence of 2175 μmol l -1 (f.c.) copper sulphate flavanol activity decreased in the order:
The pattern of activity followed the general MIC trend reported in literature without the addition of copper sulphate described above (Table 1) .
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Studies using freshly-made (+)-Cat plus different copper sulphate concentrations
Samples containing progressively higher levels of copper sulphate ranging from 53.5 to 3424 µmol l -1 (f.c.) combined with a fixed (+)-Cat concentration of 214 µmol l -1 (f.c.), resulted in progressively lower viabilities with no pronounced affect seen at any particular molar ratio.
(+)-Cat treatment on its own similar viabilities as buffer solutions resulted in similar viabilities as buffer values. These results extend previous findings that (+)-Cat-Cu 2+ combinations can damage bacteria (Holloway et al. 2012) .
Appearance and activities of heat-treated (HT) and 14 d stored (+)-Cat solutions
A 1 mmol l -1 freshly-made (+)-Cat solution changed after heating for 10 min at 100°C, from a clear, colourless to a clear, pale golden-coloured solution which suggested oxidation.
Heating for a further 20 min caused no further visible changes. Preliminary studies with nuclear magnetic resonance (NMR) to identify any newly-formed reaction products within HT(+)-Cat solution (10 min at 100°C) suggested that less than 20% of the (+)-Cat had been converted into new products following heat treatment (spectra not shown). If this estimation is correct, this amount was sufficient to produce a difference in antimicrobial activity against S. aureus when it was subsequently combined with copper sulphate and compared to freshlymade (+)-Cat with copper sulphate (Fig. 1) . A previous study also with (+)-Cat solutions identified biologically active yellow substances as (+)-Cat derivatives after heat treatment (Es-Safi et al. 2003) .
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Cat and buffer controls. 14d stored (+)-Cat with copper sulphate showed a similar effect to copper sulphate controls which indicated no enhancement by the adjunct (Table 2) .
Comparing activities of freshly-made and HT (+)-Cat to its flavanol isomers
Following the finding that copper sulphate was capable of enhancing both freshly-made and
HT ( The following order of antimicrobial activity was found against S. aureus : 
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antimicrobial activity in the presence of copper sulphate than freshly-made (+)-Cat or (-)-EC.
This suggested that heating generated further active substances within the solution.
Hydrogen peroxide generation by test mixtures
A possible mechanism of action of the freshly-made flavanols that were investigated, as well as HT, and 14 d stored (+)-Cat solutions, combined with copper sulphate was investigated by measuring the generation of any antimicrobial H 2 O 2 (Fig. 2 ).
*Position of Figure 2
These solutions generated H 2 O 2 in the following order: 
pH measurements of (+)-Cat solutions
Measurements of pH were done at suspension assay concentrations before and after heating (+)-Cat solutions with/without addition of copper sulphate solutions. This information was needed to determine whether pH changes could independently account for test sample effects
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*Position of Figure 3
The order of antimicrobial activities against S. aureus were as follows: (-)-EGCg-Cu 2+ > HT(+)-Cat-Cu 2+ > freshly-made (+)-Cat-Cu 2+ > Cu 2+ controls, with the greatest effect occurring within the first min of exposure (Fig. 3) . It would appear that the greater antimicrobial effect in the kinetics experiments with copper sulphate combinations with HT compared to freshly-made (+)-Cat was possibly due to new chemical substances generated
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Materials and methods
Bacterial strain, storage and growth
S. aureus NCTC 6751 purchased from Pro-Lab Diagnostics, Wirral, UK was grown in Brain
Heart Infusion broth obtained from Oxoid Ltd., Basingstoke, UK and kept in cryogenic tubes sourced from Pro-Labs at -80ºC. Cells were revived on nutrient agar plates purchased from
Oxoid. Microbial suspensions were prepared in Ringer's solution sourced from Oxoid to a turbidity equivalent to 0.5 McFarland (~1.5 x 10 8 colony-forming units (CFU) ml -1 ). When these suspensions were added to test substances the subsequent dilution resulted in an initial viable count of ~1 x 10 8 CFU ml -1 .
Preparation of flavanols and adjuncts
Solutions of (+)-Cat and other flavanols: (-)-Cat, (-)-EC, (+)-EC, (-)-ECg, (-)-EGC, and (-)-
EGCg purchased from Sigma Aldrich, Gillingham, UK were prepared using sterile, deionised water. These were used freshly-made or stored at -20ºC until use. To investigate whether the oxidation of (+)-Cat in solution would affect activity, a freshly-made aqueous (+)-Cat solution was exposed to the atmosphere and placed in the dark at c. 20ºC. A stock aqueous solution of
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Heat treatment of (+)-Cat solutions
Freshly-made 1 mmol l -1 (+)-Cat solutions were rapidly brought to 100ºC and maintained at 
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the addition of microbial suspension. 500 µL of bacterial suspension was added which resulted in a final (+)-Cat concentration of 214 µM. In standard assays, after 30 minutes incubation in dark conditions at room temperature and subsequent mixing, a 150 µL sample was removed and transferred to an equal volume of stop solution, prepared as described above, to neutralise the action of the putative antimicrobial mixture. In kinetic studies samples were removed and stopped as above immediately after the addition of microorganisms and at regular intervals up to 15 min. Following mixing, 20 µL aliquots were transferred to nutrient agar plates for spreading either directly, or following serial dilution in
Ringer's solution. Where necessary, volumes of 50 µL to 1000 µL were plated to reduce the detection limit of progressively efficacious samples following incubation. All plates were incubated aerobically for 24 hours at 37 °C. Each assay was conducted in triplicate (Stewart et al. 1998; Taguri et al. 2006; Holloway et al. 2011 Holloway et al. , 2012 .
Aliquots of (+)-Cat, (-)-EC, (-)-ECg, (-)-EGC, and (-)-EGCg
(1-10 mmol l -1 additions) were assayed on their own and in combination with copper sulphate (4.8 mmol l -1 additions).
Freshly-made (+)-Cat samples of 1 mmol l -1 (giving an f.c., 214 μmol l -1 ) were also tested with molar ratios of copper sulphate concentrations that ranged from 53.5 to 3434 μmol l 
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pH of samples
To investigate the possibility that changes in cell viability were wholly or partly brought about by sample acidity, the pH values of tested samples were measured and independent experiments conducted using Ringer's solution adjusted to pH between 3.5-7.2 to investigate any antimicrobial effects arising from the pH of the tested samples. In addition to the above
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Freshly-made and 10 min HT(+)-Cat solutions were also tested with 535 μmol l -1 EDTA (f.c.)
in the absence of copper sulphate. As a further control 214 μmol l -1 copper sulphate (f.c.) was tested with 535 μmol l -1 EDTA. Freshly-made samples were prepared on at least three separate occasions and diluted 1 in 4 with Ringer's solution prior to analysis in order for reliable readings to be made.
Statistical Analysis
All test samples were assayed in triplicate in each case. Data were processed using Microsoft
Excel and expressed as means ± standard error of the mean of independent measurements.
Further MS Excel processing was used to calculate the Student independent t-test with
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between control of copper sulphate tested alone and tested with combined flavanol (n = 3).
Antimicrobial activity was defined as an inhibitory effect on cells caused by exposure to test samples which resulted in reduced numbers of CFUs. Viabilities for flavanol controls were similar to buffer values (data not shown). Antimicrobial
activity was defined as an inhibitory effect on cells caused by exposure to test samples which resulted in reduced numbers of CFUs. Cells (~1 x 10 8 CFU ml -1 ) were exposed to test substances for 30 min at c. 20°C. Antimicrobial activity was defined as an inhibitory effect on cells caused by exposure to test samples which resulted in reduced numbers of CFUs.
